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KETOCARBOXYLIC ACIDS,
KETOCARBOXYLIC ESTERS, METHODS OF
MANUFACTURE AND USES THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a divisional of U.S. patent application
Ser. No. 13/294.751, filed on Nov. 11, 2011, which claims the

benefit of U.S. Provisional Application Ser. No. 61/412,590,
filed Nov. 11, 2010, all of which are incorporated by reference
in their entirety herein.

BACKGROUND

This disclosure relates to ketocarboxylic acids and keto-
carboxylic esters, methods of manufacture and uses thereof.
In particular, this disclosure relates to the purification of
compositions ol ketocarboxylic acids and the imtermediates
produced thereby.

Ketocarboxylic acids are used in the manufacture of keto-
carboxylic esters. Both ketocarboxylic acids and ketocar-
boxylic esters can be used as additives or 1n the manufacture
of ketal adducts. The ketal adducts can be used as plasticizers
in polymers and can also be used to synthesize polyamides,
polyurethanes, polyesters, and other polymers.

SUMMARY

The mventors hereof have discovered methods for the pro-
duction of ketocarboxylic acid compositions that can have
low levels of impurities and that can be used to manufacture
products, for example ketocarboxylic esters, polymers, and
plasticizers amongst other products, that are not contami-
nated with byproducts from the manufacture of the ketocar-
boxylic acids by acid hydrolysis of furturyl alcohol, starch, or
cellulose.

Accordingly, disclosed herein 1s a method for reducing a
content of an impurity 1n a ketocarboxylic acid composition

comprising at least 1 wt % of the impurity and a ketocarboxy-
lic acid 1

RWOH
o

O O

wherein R* is C, -C, alkyl and a=0-3, the method comprising
contacting a hydrocarbon polyol 11

G-[OH], 11

wherein G 1s a hydrocarbyl group having a valence of t, and
t=2-3, with the ketocarboxylic acid composition 1n an esteri-
fication reaction mixture wherein the ketocarboxylic acid I 1s
present 1n an amount of at least 0.75 equivalents of the keto-
carboxylic acid I per one equivalent of hydroxy group in the

hydrocarbon polyol II, under conditions effective to form a
ketocarboxylic ester 111

10

15

20

25

30

35

40

45

50

55

60

65

_ _ I11
(HO)E G OW R?
- O O -

wherein R* is C,-C, alkyl, a=0-3, y=2-3 and z=0-1, provided
that z+y=t; and 1solating the ketocarboxylic ester I1I from the
esterification reaction mixture.

Also disclosed herein 1s a method for the purification of a
composition comprising ketocarboxylic acid I and an 1impu-

rity.

RWOH

O O

wherein R” is C,-C, alkyl, and a=0-3, the method comprising
esteritying a hydrocarbon polyol 11

G-[OH], I

wherein G 1s an ethylene, n-butylene or n-hexylene having a
valence of t, and t=2, with a composition comprising an
impurity and the ketocarboxylic acid I in an esterification
reaction mixture, wherein the ketocarboxylic acid I 1s present
in the esterification reaction mixture 1n an amount of at least
0.75 equivalents of the ketocarboxylic acid I per one equiva-
lent of hydroxy group 1n the hydrocarbon polyol 11, to form a
ketocarboxylic ester 111

(HO)E_G__OW R?

O O 4y

[11

wherein R” is C,-C alkyl, a=0-3, y=2-3, and z=0-1, provided
that z+y=t; 1solating the polyketocarboxy ester III from the
esterification reaction mixture; and decomposing the 1solated
ketocarboxylic ester 111 to provide the purified ketocarboxylic
acid I composition or a salt thereof.

Disclosed herein too 1s a ketocarboxylic ester composition
comprising a polyketocarboxylic acid 111

(HO)E—G——OW R?

O O 4y

[11

wherein R” is C,-C, alkyl, a=0-3, y=2-3 and z=0-1, provided
that z+y=t; and a residue of a biomass.

Also disclosed herein 1s a purified ketocarboxylic ester

composition comprising at least 99 wt % of a ketocarboxylic
acid 111
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[11

(HO),—G

O O 4y

wherein R* is C,-C alkyl, a=0-3, y=2-3 and z=0-1, provided
that z+y=t; and up to 1 wt % of an 1impurity, based on the total
weight of the purified ketocarboxylic acid composition.
Also disclosed herein 1s a composition comprising at least
99 wt % of a polyketocarboxy ester having the formula Illa

[1la

H;C CH;

O O

wherein G 1s ethylene, n-propylene, n-butylene, or hexylene;
and up to 1 wt % of an 1impurity.

Also disclosed herein 1s a mono-ester compound having
the formula

H;C
0—G—OH

O

wherein G 1s ethylene, n-propylene, n-butylene, or n-hexy-
lene.

Also disclosed herein 1s a purified composition comprising
at least 99 wt % of a ketocarboxylic acid 1

RWOH

O O

wherein R” is C,-C, alkyl, and a=0-3; and up to 1 wt % of an
impurity, based on the total weight of the punified ketocar-
boxylic acid composition.

DETAILED DESCRIPTION

Commercially available ketocarboxylic acids are contami-
nated with impurities, primarily byproducts from the acid
degradation of furfuryl alcohol, starch, or cellulose to pro-
duce the ketocarboxylic acids. Such impurties include
angelica lactones, furanics, aldehydes, and various oligo-
mers. When used in the manufacture of ketocarboxylic esters
or other adducts, the presence of impurities results 1n colored
products, and/or products having a limited shelf life.

The mventors hereof have found that ketocarboxylic acids
such as levulinic acid can be efficiently purified in high yield
by esterification with a hydrocarbon polyol to the correspond-
ing polyketocarboxylic ester, which can be readily recrystal-
lized. After recrystallization, the ketocarboxylic ester can be
hydrolyzed to provide pure ketocarboxylic acid, or a salt
thereol, after removal of the esterifying hydrocarbon polyol,
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4

or used for other synthetic transformations. Advantageously,
the polyketocarboxylic esters, ketocarboxylic acids, and salts

thereol produced by this method are obtained 1n high purity.
In particular, the polyketocarboxylic esters, ketocarboxylic
acids, and salts thereot, have little or no oligomeric impuri-
ties, low levels of aldehydes, low levels of sulfur-containing,
acid impurities, low levels of transition metal impurities, and
low color.

In another particularly advantageous aspect of the method,
one or both of the hydrocarbon polyol and the ketocarboxylic
acid are biosourced. Biosourced ketocarboxylic acids can be
contaminated with a variety of byproducts arising from their
production. The methods described herein are effective to
purily ketocarboxylic acid compositions comprising 0.1-10
wt %, 1-10 wt %, or 1-8 wt % of contaminants. The methods
are also etflective when the ketocarboxylic acid compositions
are wet, that 1s, containing 1 wt %, 5 wt %, 10 wt %, 30 wt %,
or up to 50 wt % of water.

The method for the purification of a ketocarboxylic acid 1
comprises esterifying hydrocarbon polyol 1I with the ketocar-
boxylic acid I 1n an esterification reaction mixture

G-[OH], I

wherein G 1s a hydrocarbyl group having a valence oft. In an
embodiment, G1sa C,-C,, hydrocarbon containing 1 or more
straight chain, branched or cyclic groups that can be satu-
rated, unsaturated, aromatic, or substituted with up to 12 ether
oxygens; specifically, G 1s a C,.C,, alkylene, C.-Cq
cycloalkylene, or C,-C, , arylene, optionally substituted with
up to S ether oxygens; more specifically, G 1s a C,_C, , alky-
lene optionally substituted with up to 5 ether oxygens; a
C, C, alkylene; and still more specifically, G 1s ethylene,
n-propylene, n-butylene, or n-hexylene. In an embodiment,
the number of hydroxyl groups, t, 1s 1-10, specifically 2-8,
more specifically 2-6, still more specifically 2-4, and still
more specifically 2-3 or 2. For example, hydrocarbon polyol
II can be a triol or diol wherein G 1s a C,_C,, alkylene,
specifically ethylene, n-propylene, n-butylene, or n-hexy-
lene. In some embodiments a mixture of polyols can be used
wherein G and t are different, or a mixture of polyols can be
used wherein G 1s different but t 1s the same, for example 2 or
3. For example, a composition comprising fatty diols and
triols (e.g., C4-C, 4 aliphatic alcohols, for example C, ,-C, 5, or
C,4-C,  aliphatic alcohols) can be used.

Hydrocarbon polyol II 1s contacted with 0.75, 1, 1.2, 4, 3,
6, more equivalents of the ketocarboxylic acid to be purified,
in particular ketocarboxylic acid 1

RWOH
d

O O

in an esterification reaction mixture under conditions efiec-
tive to form a ketocarboxylic ester III. In formula I, R* is
C,-C, alkyl, specifically a C,-C; alkyl, more specifically a
C,-C, alkyl, and still more specifically methyl. Further 1n
formula I, a 1s 0-3, more specifically 1-2, and still more
specifically 2. When a 15 0, a single bond connects the two
carbonyl groups. The hydrocarbon polyol 11 1s contacted with
at least 0.75 equivalents of the ketocarboxylic acid I (per one
equivalent of hydroxy group 1n the hydrocarbon polyol II).
Esterification occurs 1n the presence of no added catalyst
(the ketocarboxylic acid I can function as a catalyst), or an
acid catalyst. Esterification produces a ketocarboxylic ester

111
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(HO),—G OW R?
il
O O

wherein R* and a are the same as in the ketocarboxylic acid 1,
t 1s the valence of hydrocarbon polyol 11, y 1s 1-10, z 15 0-9,
and y+z=t. The degree of esterification can be controlled by
controlling various reaction parameters such as the ratio of
the ketocarboxyvlic acid I to the polyol 11, the catalyst type, the
catalyst concentration, removal of water, temperature or pres-
sure. Alternatively, for example, use of relatively lower
equivalents of ketocarboxylic ester results 1n less esterifica-
tion (y<z), whereas relatively higher amounts of ketocar-
boxylic ester results in higher esterification (y>z), or z=0.

Ketocarboxvylic ester 111, for example, a diketocarboxylic
ester, can be readily 1solated from the esterification reaction
mixture by crystallization, or alternatively 1solated by other
methods, and subsequently recrystallized. Subsequent
recrystallization(s) can provide compound III of even higher
purity. Other methods of i1solating the ketocarboxylic ester
include washing, crystallizing, filtering, liquid-liquid phase
separating, precipitation, or a combination of at least one of
the foregoing. The ketocarboxylic ester I1I can then be used
for further reaction or as a product, for example a polymer
additive.

In a specific embodiment the ketocarboxylic ester III 1s
decomposed to provide the purified ketocarboxylic acid I

wherein R” and a are as defined above, or a salt thereof.

In a specific embodiment, with reference to each of formu-
las I, 11, and III,

G 1s a C, C,, alkylene, C.-C, cycloalkylene, or C.-C,,
arylene, optionally substituted with up to 5 ether oxy-
gens;

R”is C,-C, alkyl,

a=0-3, y=2-3, and z=0.

In another specific embodiment, with reference to each of
formulas I, 11, and II1,

G 1s a C,_C,, alkylene optionally substituted with up to 5
cther oxygens,

R*is C,-C, alkyl,
a=1-2, y=2, and z=0.

In another specific embodiment, with reference to each of
formulas I, 11, and II1,

G 1s a C,-C alkylene
R” is methyl,

a=1-2, y=2 and z=0.
G 1s n-butylene,

R” is methyl,

a=2, y=2, and z=0.

In a more specific embodiment, atleast 0.75,1,1.2, 3,4, 5,
6, or more equivalents of ketocarboxylic acid Ia (levulinic

acid)
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Ia

H,C
OH

O

containing an impurity are contacted by an alkylene diol of
the formula Ila

HO-G-OH IIa

wherein Gi1sa C,-C, , alkylene, specifically aC,-C alkylene,
and more specifically, ethylene, n-propylene, n-butylene, or
n-hexylene, in the presence or absence of an esterification
catalyst, to produce a diketocarboxylic ester I1la

[I1a

H;C CH3

O—G—O0

O O

wherein G 1s as defined 1n formula I1a. Diketocarboxylic ester
II1a can be readily 1solated from the esterification mixture by
crystallization, or alternatively 1solated by other methods, and
subsequently recrystallized. Subsequent recrystallization(s)
can provide compound IIla of even higher purity. The dike-
tocarboxylic ester I11a can then be used for further reaction, or

decomposed to provide the purified ketocarboxylic acid Ia
aiter removal of the hydrocarbyl diol 11a.

In an embodiment, ketocarboxylic ester 111 can be decom-
posed to form a mono-ester having the structure (IV)

IV

H,C
0—G—OH

O

wherein G 1s a hydrocarbyl group having a valence of 2,
specifically ethylene, n-propylene, n-butylene, or n-hexy-
lene. In an aspect of the embodiment, the mono-ester is
present 1n an amount of up to 20 wt % and further comprises
levulinic acid in an amount of up to 30 wt %, based on the total
weilght of the composition. In another embodiment, the keto-
carboxylic ester III 1s decomposed to provide purified
levulinic acid.

In particular, 1n one method of manufacturing the ketocar-
boxylic ester 111, the hydrocarbon polyol II along with at least
0.75 equivalents of the ketocarboxylic acid I (per one equiva-
lent of hydroxy group 1n the hydrocarbon polyol II) and an
acid catalyst are charged to a reactor. In an embodiment, the
ratio of equivalents of the ketocarboxylic acid I to the equiva-
lents of hydroxy group in the hydrocarbon polyol 11 1s greater
than or equal to about 0.75:1, specifically greater than or
equal to about 0.85:1 and more specifically greater than or
equal to about 1:1. In an embodiment, 0.75 to 2 equivalent of
the ketocarboxylic acid I are used, specifically 1.0 to 1.75
equivalents of ketocarboxylic acid 1 per one equivalent of
hydroxy moieties 1 the hydrocarbon polyol 1I1.
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The esterification and/or ketalization 1s conducted 1n the
presence of an acid catalyst, which can be either a Lewis or
Bransted-Lowry acid. Acid catalysts that are known homo-
geneous catalysts for either ketal formation or esterification
or transesterification reactions can be used, for example
strong protic acid catalysts, e.g., Bronsted-Lowry acids that
have a Ka of 55 or greater. Examples of strong protic acid
catalysts 1include sulfuric acid, arylsulfonic acids, and
hydrates thereof such as p-toluenesulfonic acid monohydrate,
methane sulfonic acid, camphor sulfonic acid, dodecyl ben-
zene sulfonic acid, perchloric acid, hydrobromic acid, hydro-
chloric acid, 2-naphthalene sulfonic acid, and 3-naphthalene
sulfonic acid. In other embodiments, weak protic acid cata-
lysts, e.g., having a Ka of less than 35, can be used, for
example phosphoric acid, orthophosphoric acid, polyphos-
phoric acid, and sulfamic acid. Aprotic (Lewis acid) catalysts
can include, for example, titanium tetraalkoxides, aluminum
trialkoxides, tin II alkoxides, carboxylates, organo-tin alkox-
ides, organo-tin carboxylates, and boron trifluoride. A com-
bination comprising any one or more of the foregoing acid
catalysts can be used. In some embodiments, the method
employs a substantially nonvolatile acid catalyst such that the
acid does not transfer into the distillate, such as sulfuric or
sulfamic acid. In an exemplary embodiment, the homogenous
catalyst 1s camphor sulfonic acid.

Instead of, or 1n addition to the homogenous acid catalyst,
a heterogenous acid catalyst can be used, where the acid
catalyst 1s incorporated 1nto, onto, or covalently bound to, a
solid support material such as resin beads, membranes,
porous carbon particles, zeolite materials, and other solid
supports. Many commercially available resin-based acid
catalysts are sold as 10on exchange resins. One type of useful
ion exchange resin 1s a sulfonated polystyrene/divinyl ben-
zene resin, which supplies active sulfonic acid groups. Other
commercial 1on exchange resins include LEWATIT® 1on
exchange resins sold by the Lanxess Company of Pittsburgh,
Pa.; DOWEX™ j10n exchange resins sold by the Dow Com-
pany of Midland, Mich.; and AMBERLITE® and
AMBERLYST® 1on exchange resins sold by the Dow Com-
pany of Midland, Mich. In embodiments, AMBERLYST®
15, AMBERLYST® 35, AMBERLYST® 70 are used. In
these embodiments, the resin-based catalyst 1s washed with
water, and subsequently, an alcohol, such as methanol or
cthanol, and then dried prior to use. Alternatively, the resin 1s
not washed before its first use. In embodiments, Nafion®
resins (from DuPont in Wilmington, Del.) can also be used as
heterogeneous catalysts 1n neat form or filled with silica. In
use, the heterogenous catalysts are added to a reaction mix-
ture, thereby providing a nonvolatile source of acid protons
for catalyzing the reactions. The heterogenous catalysts can
be packed 1nto columns and the reactions carried out therein.
As the reagents elute through the column, the reaction 1s
catalyzed and the eluted products are free of acid. In other
embodiments, the heterogenous catalyst 1s slurried i a pot
containing the reagents, the reaction 1s carried out, and the
resulting reaction products filtered or distilled directly from
the resin, leaving an acid-free material.

The amount of acid catalyst 1s about 2 to 20,000 parts per
million (ppm), specifically about 10 to about 10,000 ppm,
specifically about 20 to about 5000 ppm, and more speciii-
cally about 30 to about 2500 ppm, relative to the total weight
of the reactants. In this case, the reactants are the sum of
hydrocarbon polyol II and the at least 0.75 or more equiva-
lents of a ketocarboxylic acid III (per 1 equivalent of hydroxy
groups 1n the hydrocarbon polyol II).

When camphor sulfonic acid 1s used as the acid catalyst to
produce the ketocarboxylic ester 111, 1t 1s used 1n amounts of
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about 5 to 5,000 parts per million (ppm), specifically about 10
to about 1000 ppm, specifically about 15 to about 800 ppm,
and more specifically about 20 to about 600 ppm, relative to
the total weight of the reactants. In this case, the reactants are
the sum of hydrocarbon polyol II and the at least 0.75 or more
equivalents of a ketocarboxylic acid I.

The acid catalyst can be charged directly into the reactant
mixture comprising the hydrocarbon polyol 11 and the keto-
carboxylic acid I or alternatively it can be diluted in water or
one of the reactants prior to being charged into the reactant
mixture. The acid catalyst can be diluted to about 0.01N to
about SN, specifically about 0.1N to about 4N, and more
specifically about 0.5N to about 3N prior to introduction 1nto
the reactant mixture. The dilute acid catalyst can be continu-
ously added to the reactant mixture throughout the course of
the reaction or alternatively 1t can be added instantaneously to
the reactant mixture in a single charge.

In an embodiment, 1n one method of manufacturing the
ketocarboxylic acid, the hydrocarbon polyol II and at least
0.75 or more equivalents of a ketocarboxylic acid I (per 1
equivalent of hydroxy groups in the hydrocarbon polyol 1I)
are charged to the reactor. The reaction to produce the keto-
carboxylic ester III can be conducted 1n either a batch reactor,
a continuous reactor or 1n a semicontinuous reactor. It 1s
desirable for the reactor to have heating, cooling, agitation,
condensation, and distillation facilities.

In an embodiment, the batch reactor for producing the
ketocarboxylic acid can comprise a single continuous stirred
tank reactor in fluid communication with a reboiler that 1s
fitted with a distillation column. In another embodiment, the
system (not shown) for producing the ketocarboxylic acid can
comprise a single continuous stirred tank reactor that 1s fitted
with a distillation column. The distillation column 1s used to
remove excess reactants and to distill the water condensate
from the reaction. In another embodiment, the distillation
column 1s used to remove water from the esterification reac-
tion mixture during at least a portion of the contacting or
esteritying. In another embodiment, there 1s less than or equal
to a 20 wt % percent loss o1 1,4-butanediol as tetrahydrofuran,
more specifically 10 wt %, 1n a water stream during distilla-
tion belore, during or after isolating or decomposing the
reaction mixture.

In a batch reactor, the reactants and catalyst are charged to
the reactor in batches and the product 1s extracted from the
reactor 1n batches only after the reaction has been completed
to an extent of about 80% or more. While a batch reactor can
be used to react the reactants under a variety of different
conditions, 1t 1s desirable to use a batch reactor when the
product 1s manufactured by introducing the acid catalyst into
the reactor in one charge. An exemplary batch reactor 1s a
stainless steel or Hastelloy-type reactor. An example of a
batch reactor 1s a continuous stirred tank reactor. It 1s desir-
able for the batch reactor to be equipped with distillation
tacilities for further purification of the product. The reaction
to produce the ketocarboxylic acid can be conducted 1n a
single reactor or 1n plurality of batch reactors. In an embodi-
ment, the esterification can be conducted 1n a first batch
reactor, while the hydrolysis of the ketocarboxylic ester 111 to
produce pure ketocarboxylic acid can be conducted in the
same or 1n a second batch reactor.

In a continuous reactor system the reactants are charged to
a first reactor. When the conversion of reactants to products 1s
measured to be greater than or equal to about 50%, a portion
of the product mixture from the first reactor 1s subjected to
additional finishing processes 1n a second reactor, while at the
same time additional reactants and catalyst are continuously
being charged to the first reactor to be converted into the
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ketocarboxylic ester I11. A continuous reactor system gener-
ally employs a plurality of reactors 1n series or 1n parallel so
that various parts of the process can be conducted in different
reactors simultaneously.

In an embodiment, the reactor comprises a plurality of
reactors (e.g., a multistage reactor system) that are in fluid
communication with one another in series or 1n parallel. The
plurality of reactors are used to react the hydrocarbon polyol
IT with the ketocarboxylic acid I, to recycle the reactants and
to remove unwanted byproducts and impurities so as to obtain
a ketocarboxylic ester 111 that i1s stable and has a long shelf
life. In an embodiment, a portion of the plurality of reactors
can be used primarily to react reactants to manufacture the
ketocarboxylic ester 111, while another portion of the plurality
ol reactors can be used primarily to 1solate the ketocarboxylic
ester 111 and yet another portion of the plurality of reactors can
be used to hydrolyze the ketocarboxylic ester 111 or to remove
the residual catalyst and other byproducts that can hamper the
formation of a stable product that has good shelf stability.

In an exemplary embodiment, the esterification of the
hydrocarbon polyol 11 with at least 0.75 or more equivalents
of aketocarboxylic acid I (per 1 equivalent of hydroxy groups
in the hydrocarbon polyol II) to produce a ketocarboxylic
ester 111 1s conducted 1n a first batch reactor. In one method of
manufacturing the ketocarboxylic ester III, a hydrocarbon
polyol II and the ketocarboxylic acid I are charged to the first
batch reactor along with the acid catalyst. The contents of the
first batch reactor are heated while being subjected to agita-
tion. Volatile reactants or byproducts are collected in a con-
denser that 1s 1n fluid communication with the first batch
reactor. The ketocarboxylic ester III can be 1solated from
unreacted reactants and other reaction byproducts prior to the
hydrolysis to produce the ketocarboxylic acid. In an embodi-
ment, the ketocarboxylic ester 111 1s 1solated via crystalliza-
tion or distillation.

The ketocarboxylic ester 111 can then be used as an inter-
mediate 1n other chemical syntheses, or as a product, for
example as a polymer additive. Advantageously, the ketocar-
boxylic ester III 1s hydrolyzed with water to produce the
purified ketocarboxylic acid 1. During the hydrolysis, excess
hydrocarbon polyol I 1s removed from the ketocarboxyvlic
acid by distillation.

In an embodiment, the first batch reactor 1s heated to a
temperature of about 80 to about 250° C., specifically about
90 to about 230° C., and specifically about 100 to about 210°
C. to facilitate the esterification of the hydrocarbon polyol 11
by the ketocarboxylic acid I. The esterification can be carried
out under a blanket of an inert gas (e.g., argon, nitrogen, and
the like) or alternatively can be carried out in a vacuum (1.¢.,
sub-atmospheric pressure). The first batch reactor can be
subjected to a vacuum of 5 to about 500 torr, specifically
about 10 to about 100 torr.

Upon completion of the esterification in the first batch
reactor, the reaction solution 1s cooled down to crystallize the
ketocarboxylic ester 111. The crystalline ketocarboxylic ester
III can then be washed 1n a first solvent to remove any con-
taminants. The washed ketocarboxylic ester III can then be
redissolved 1n a second solvent and recrystallized to produce
a pure form of the ketocarboxylic ester III. The first and the
second solvent can be the same or different. In an embodi-
ment, the first solvent 1s water and the second solvent 1s water
as well. Water also removes color bodies, acid catalyst and
unreacted ketocarboxylic acid 1 from the reaction mixture.
The water can contain some salt or dilute base.

The heating and cooling steps can be performed to conduct
re-crystallization. The pure form of the ketocarboxylic ester
I1I has a purity of greater than or equal to about 98%, specifi-

5

10

15

20

25

30

35

40

45

50

55

60

65

10

cally greater than or equal to about 99%, on a weight basis.
The pure form of the ketocarboxylic ester 111 can comprise
white, shiny spherical and needle-shaped crystals.

While water 1s used as the first and the second solvent for
crystallizing the ketocarboxylic ester 111, other organic sol-
vents can also be used to crystallize it. Examples of other
organic solvents are methanol, ethanol, acetone, benzene,
toluene, diethyl ether, ethyl acetate, or the like, or a combi-
nation comprising at least one of the foregoing solvents.

In an embodiment, the pure form of the ketocarboxylic
ester III 1s then hydrolyzed with water 1n a second batch
reactor. The decomposition of ketocarboxylic ester III after
purification to obtain the purified ketocarboxylic acid 1s con-
ducted via hydrolysis with acid or via saponification with
base.

In an embodiment, the purnfied ketocarboxylic acid 1s
obtained via the hydrolysis of ketocarboxylic ester 111 with an
acid catalyst. The acid catalyst decomposes the ketocarboxy-
lic ester 111 to form a mixture of hydrocarbon polyol II and the
ketocarboxylic acid I. Following the decomposition, the mix-
ture of the hydrocarbon polyol II and the ketocarboxylic acid
I 1s neutralized and filtered. Water 1s then stripped from the
mixture and the purified ketocarboxylic acid and the hydro-
carbon polyol are heated and distilled off from the mixture.
During the distillation, tetrahydrofuran 1s present 1n an over-
head water stream 1n an amount of less than or equal to about
50 weight percent. The ketocarboxyvlic acid obtained 1n this
manner 1s highly purified and 1s purer than the ketocarboxylic
acid I that 1s used to produce the ketocarboxylic ester I1I. In
another aspect of the embodiment, there 1s less than or equal
to a 20 weight percent loss of 1,4-butanediol as tetrahydro-
furan 1n a water stream during distillation before, during or
alter the decomposing the reaction mixture.

In order to decompose the ketocarboxylic ester III, 1t 1s
charged to a reactor with an excess of water and a catalytic
amount of the acid. The reactor can be the first reactor or the
second reactor. The acid catalysts can be similar to those used
to catalyze the reaction between the hydrocarbon polyol 11
and the ketocarboxylic acid I to yield the ketocarboxylic ester
I1I. Examples of mineral acids are hydrochloric acid, sulfuric
acid, and para-toluene sulfonic acid. An exemplary acid cata-
lyst 1s sulfuric acid.

The batch reactor 1s subjected to agitation and 1s heated to
reflux for about 2 to about 8 hours at a temperature of about 60
to about 150° C., specifically about 70 to about 90° C. to
decompose the ketocarboxylic ester III. Following the
decomposition, the reaction mixture 1s neutralized to quench
any reversible reactions that lead to the reformation of the
ketocarboxylic ester I1I. The reaction mixture 1s then filtered.

Neutralization 1s conducted with a base such as mono or
di-basic sodium or potassium phosphates, mono, di- or tri-
basic calcium or zinc phosphate, barium carbonate, bartum
phosphate, zinc carbonate, sodium carbonate, potassium car-
bonate, sodium citrate, potassium citrate, calcium citrate,
basic alumina, a weakly basic amion exchange resin, and the
like. In an embodiment, the atorementioned bases can be 1n
the form of a bed. The ketocarboxylic acid can contact the bed
cither 1 a single pass or in multiple passes. Filtration 1s
conducted following neutralization to remove un-neutralized
acid catalyst and to remove salts formed as a result of the
neutralization. In an embodiment, filtration can be conducted
in a packed bed of CELITE® under pressure.

The filtered mixture of the hydrocarbon polyol and the
ketocarboxylic acid 1s heated to remove the water. In order to
remove the water, the filtered mixture 1s generally heated to a
temperature around the boiling point of water specifically
about 80 to about 100° C., with or without vacuum.
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It 1s then subjected to distillation to strip oif the hydrocar-
bon polyol trom the ketocarboxylic acid. In an embodiment,
the distillation 1s vacuum distillation, conducted at a vacuum
of about 5 to about 10 ton. The ketocarboxylic acid thus
obtained has a purity of greater than or equal to about 98%,
specifically greater than or equal to about 99% and more
specifically greater than or equal to about 99.5%, while dis-
playing a yellowness index of less than 5 units as measured by
ASTM E 313. Contaminants that are present in amounts of
less than or equal to about 1 wt %, more specifically 0 to 1 wt,
% are furtural, formic acid, furfuryl alcohol, hydroxymethyl
turtural, angelica lactone, acetic acid, methanol and the like.

In an embodiment the contaminant, or impurity, 1s aresidue of
a biomass. The residue of a biomass arises from the manu-
facture of the hydrocarbon polyols or ketocarboxylic acids
from a biomass such as cellulose, lignocellulose, or other
polysaccharides such as starches, inulin, and xylan.

In another embodiment, another method of decomposing

the ketocarboxylic ester 111 comprises saponitying the keto-
carboxylic ester 111 to form a mixture of hydrocarbon polyol
IT and the ketocarboxylic acid I, the ketocarboxylic ester 111 1s
mixed water and 1s heated to a temperature of about 40 to
about 150° C., specifically about 70 to about 90° C., and more
specifically about 75 to about 83° C., in the presence of an
equivalent of a base catalyst. Additional base 1s then added to
tully precipitate the ketocarboxylate salt from the reaction
mixture. The precipitation of the ketocarboxylate salt using,
additional base 1s optional. The ketocarboxylate salt 1s then
filtered away from the hydrocarbon polyol and re-acidified
with an acid to form the ketocarboxylic acid and salt. The
ketocarboxylic acid 1s stripped of water and the salt 1s filtered
to obtain ketocarboxylic acid. The ketocarboxylic acid is then
distilled to obtain purified ketocarboxylic acid.

The base catalyst can comprise an ammonium salts,
hydroxides, and alkoxides. Examples of ammonium salts are
quaternary ammonium hydroxides such as tetramethyl
ammonium hydroxide, tetracthyl ammonium hydroxide, tet-
rapropyl ammonium hydroxide, tetrabutyl ammonium
hydroxide, and tetraoctyl ammonium hydroxide. Examples
of metal hydroxides are alkali metal hydroxides and alkaline
carth metal hydroxides. Examples of alkali metal hydroxides
are lithhum hydroxide, sodium hydroxide, and potassium
hydroxide. Examples of alkaline earth metal hydroxides are
magnesium hydroxide and calcium hydroxide. Examples of
alkoxides are lithtum, sodium, and potassium alkoxides such
as lithium methoxide, lithium ethoxide, lithium butoxide,
sodium methoxide, sodium ethoxide, sodium butoxide,
potassium methoxide, potassium ethoxide, and potassium
butoxide. Combinations of these bases can also be used.

The base catalyst 1s added 1n amounts of about 1.5 to about
3 molar equivalents to the polyketocarboxylic acid.

In an embodiment, after the decomposition to produce the
ketocarboxylic acid, additional base 1s added to the mixture to
convert the ketocarboxylic acid to precipitate the ketocar-
boxylate salt. An exemplary additional base 1s sodium
hydroxide. Other bases listed above can also be used. The
base can be added in an amount of about 0.8 to about 1.5
moles, specifically about 0.9 to about 1.3 moles, based on the
total moles of the ketocarboxylic acid. Other anions for the
ketocarboxylate salt are lithium, sodium, potassium, calcium,
magnesium, ammonium and NH R, . wherein R=alkyl,
aryl, alkaryl, or arylalkyl and where n=0-4.
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The filtration of the ketocarboxylic acid from the polyol 1s

conducted via a pressurized filter that optionally contains
CELITE®.

The ketocarboxylic salt 1s then re-acidified to form the

ketocarboxylic acid. In an embodiment, the acid used for
re-acidification of the ketocarboxylate salt 1s sulfuric acid.
The sulfuric acid can be diluted with water prior to re-acidi-
fication. The sulfuric acid 1s present 1n the diluted sulfuric
acild solution 1n an amount of about 5 to about 20 wt %,
specifically about 7 to about 13 wt %, based on the amount of
diluted sulfuric acid solution. Other acids listed above can
also be used.

Water present 1n the ketocarboxylic acid 1s stripped offl.
Salt generated during the re-acidification can be filtered out.
The ketocarboxylic acid 1s then optionally distilled under a
vacuum of about 1 to about 10 Torr, specifically about 3 to

about 7 Torr. The ketocarboxylic acid thus obtained has a
purity of greater than or equal to about 98%, specifically
greater than or equal to about 99% and more specifically

greater than or equal to about 99.5%, while displaying a
yellowness index of less than 20 units as measured by ASTM
E 313, preferably less than 5 units as measured by ASTM E
313.

It 1s desirable for the ketocarboxylic acid to be of high

-

purity. The pure form of the ketocarboxylic acid I obtained by
the present method has a purity of greater than or equal to
about 95%, specifically greater than or equal to about 98%,
and more specifically greater than or equal to about 99%, on
a weight basis.

In particular, 1t 1s desirable for the ketocarboxylic acid, 1n

purified form, to have less than or equal to about 5 wt %,

specifically less than or equal to about 1 wt %, more specifi-
cally less than or equal to about 0.5 wt %, based on the total

weight of the ketocarboxylic acid I, of an oligomeric side
product. “Oligomeric side products” as used herein are
undesired impurities with or without repeat units and having
a molecular weight higher than the molecular weight of the
ketocarboxylic acid I.

The following examples, which are meant to be exemplary,
not limiting, illustrate compositions and methods of manu-
facturing of some of the various embodiments described
herein.

EXAMPLES

Example 1
LA-BDO-LA, From Crude LA

This example details the manufacture of diketone diester
from a sample of commercially available crude levulinic acid
(LA). Crude levulinic acid was examined using gas chroma-
tography with a flame 1onization detector (GC-FID). The
composition was 94% pure and contained 0.5 wt % low
molecular weight components (angelica lactones, furanics)
and 5 wt % higher molecular weight impurities (oligomers of
unknown composition). As shown in Scheme 1, this crude
levulinic acid (a ketocarboxylic acid I wherein a=2) 1s reacted
with a hydrocarbon polyol 11 (1, 4-butanediol, BDO) to form
the ketocarboxylic ester III (a diketone diester, LA-BDO-
LA).
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Crude levulinic acid (29.05 g (0.25 mol) LA, 10.73 g (0.12
mol) 1,4-butanediol, and 200 ppm camphor sulfonic acid
were added to an empty 500 mL, 3-neck round bottom flask
equipped with a magnetic stir-bar, Dean-Stark trap and over-
head condenser, a thermocouple, and a nitrogen inlet. The
contents were heated with an o1l bath for 6 hours at 160° C.
Volatile condensate was collected in the Dean Stark trap. A
sample of the reactor was analyzed by GC-FID and the com-
position was found to be as follows.

0.016% un-reacted 1,4-BDO
9.14% un-reacted levulinic acid
3.20% LA-BDO-OH
81.53% LA-BDO-LA product
6.11% unknown higher molecular weight species

The composition was crystallized by the addition of water
to afford white crystals. The yield of crystals was 16.5 grams
and the composition by GC-FID was found to be:

0.5% LA-BDO-OH
99.4% LA-BDO-LA product
0.1% unknown higher molecular weight species

Example 2
LA-BDO-LA, From Crude LA

A second sample of crude levulinic acid contained 10 wt %
water, less than 1 wt % sodium salts, 88.3% levulinic acid,
0.26% angelica lactone and furanic impurities, and 0.45%
oligomers of unknown composition. The yellowness index
(Y]I) ofthe crude levulinic acid was 104. The sample was dark

yellow to amber 1n color.
116.18 g (0.88 mol) Crude levulinic acid, 45.16 g (0.5 mol)

1,4-butanediol, and 200 ppm camphor sulfonic acid were
added to an empty 500 mL, 3-neck round bottom flask
equipped with a magnetic stir-bar, Dean-Stark trap and over-
head condenser, a thermocouple, and a nitrogen 1nlet. The
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contents were heated with an o1l bath for 6 hours at 160° C.
Volatile condensate was collected in the Dean Stark trap. A
sample of the reactor was analyzed by GC-FID and the com-
position was found to be:

1.25% un-reacted 1,4-BDO
7.23% un-reacted levulinic acid
22.2% LA-BDO-OH
66.8% LA-BDO-LA product
1.3% unknown higher molecular weight species

The product was crystallized by the addition of water to
alford white crystals. The yield of product was 61.05 grams
and the composition by GC-FID was found to be:

0.13% 1,4-BDO
0.7% levulinic acid
3.5% LA-BDO-OH
95.5% LA-BDO-LA product
0.02% unknown higher molecular weight species

Example 3

Manutacture of Purified LA With Sulfuric Acid
Catalyst

This prophetic example details the manufacturing of pure
levulinic acid from a diketone-diester. The levulinic acid that
can be manufactured by this method 1s purer than the crude
levulinic acid used in the Example 1. It 1s particularly devoid
of high molecular weight oligomers. In this example, the
ketocarboxylic ester 1s decomposed with an acid catalyst to
produce the levulinic acid (“ketocarboxylic acid”).

LA-BDO-LA (286 g, 1 mol), water (144 g, 8.0 mol), and
sulfuric acid (0.5 wt %) are added to an empty 500mlL, 3-neck
round bottom flask equipped with a magnetic stir-bar. The
contents are heated to reflux for 4 hours. Levulinic acid and
1,4-butanediol are observed 1n the reaction product compo-
sition. The reaction mixture 1s neutralized with dibasic
sodium phosphate and filtered. The water 1s stripped out of the

mixture, and levulinic acid and 1,4-butanediol are distilled
into their pure components via vacuum distillation at 5 to 10
Torr. The levulinic acid will have a yellowness index (YI)
value of less than 5 units and a purity of greater than 98%. The
hydrolysis of the diketone-diester to produce levulinic acid 1s
shown 1n the reaction scheme below.

O O

)‘\/\H/O\N\OJ\/\H/ +  H>0O (excess)

O O

A

H" or base | [40-100 C.

J
O

/\/\/OH 4 HO
HO



US 9,221,741 B2

15

Example 4

Manufacture of LA With a Sodium Hydroxide Base
at 80° C.

This prophetic example details the manufacturing of pure
levulinic acid from a diketone-diester. The levulinic acid that
can be manufactured by this method 1s purer than the crude
levulinic acid used in the Example 1 or 2. In this example, the
ketocarboxylic ester 1s saponified with a base to produce the
ketocarboxylic acid.

LA-BDO-LA (286 g, 1.0 mol), water (72 g, 4.0 mol), and
sodium hydroxide (8 g, 0.2 mol) are added to an empty 500
ml., 3-neck round bottom flask equipped with a magnetic
stir-bar. The contents are heated to 80° C. for 4 hours. Sodium
levulinate and 1,4-butanediol are observed in the reaction
product composition. Sodium hydroxide 1s added to precipi-
tate the sodium levulinate salt from the reaction mixture. The
sodium levulinate 1s filtered away from the 1,4-butanediol
and re-acidified with 10% sulfuric acid to form levulinic acid
and sodium sulfate. The levulinic acid 1s stripped of water, the
sodium sulfate 1s filtered, and the levulinic acid 1s distilled
under vacuum at 1 to 5 Torr. The levulinic acid has a Y1 value
of less than 5 unmits and a purity of greater than 99%.

Example 5

Manufacture of LA With a Sodium Hydroxide Base
at 60° C.

This prophetic example details the manufacturing of pure
levulinic acid from a diketone-diester. The levulinic acid that
can be manufactured by this method 1s purer than the crude
levulinic acid used 1n the Example 1 or 2. In this example, the
ketocarboxylic ester 1s saponified with a base to produce the
ketocarboxylic acid.

LA-BDO-LA (286 g, 1.0 mol), water (72 g, 4.0 mol), and
sodium hydroxide (80 g, 2.0 mol) are added to an empty 1 L,
3-neck round bottom flask equipped with a magnetic stir-bar.
The contents are heated to 60° C. for 4 hours. Levulinic acid
and 1,4-butanediol are observed 1n the reaction product com-
position. The sodium levulinate 1s filtered away from the
1.4-butanediol and re-acidified with 10% sulfuric acid to
form levulinic acid and sodium sulfate. The levulinic acid 1s
stripped of water, the sodium sulfate 1s filtered, and the

levulinic acid 1s distilled under vacuum at 5 to 10 Torr. The
levulinic acid has a Y1 value of less than 5 units and a purity
of greater than 99%.

Example 6
LA-BDO-LA

A crude levulinic acid composition comprising 14.9 g

(0.128 mol) levulinic acid, 0.449 g (9.76x107> mol) formic
acid, 30 g (1.66 mol) deionized (DI) water, and 2.24 mlL
concentrated sulfuric acid was esterified with 2.89 g (3.21x
107> mol) 1,4-butanediol. The flask was flushed with N, gas
for 10 minutes before placing in an o1l bath at room tempera-
ture. The tlask was then evacuated to 300 Torr before heating,
to 105° C. The reaction was held at 105° C. for 60 minutes
betfore increasing the temperature to 115° C. for 25 minutes.
Finally, the pressure was decreased to 150 Torr with the
temperature being held at 115° C. for an additional 25 min-
utes, at which point the flask was cooled to room temperature
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under vacuum before backiilling with N,. GC-FID analysis
showed a peak in the chromatogram that corresponded to
LA-BDO-LA.

Example 7
LA-PDO-LA

The crude levulinic acid composition described 1n
Example 6 is esterified with 2.434 g (3.21x107* mol) 1,3-
propanediol. The procedure of Example 6 1s followed, and
GC-FID analysis shows a peak corresponding to LA-PDO-
LA.

NN

LA-PDO-LA

Example 8
LA-TMP-LA.

The crude levulinic acid composition described 1n
Example 6 is esterified with 3.44 g (2.6x107* mol) trimethy-
lolpropane (1 MP). The procedure of Example 6 1s followed,
and GC-FID analysis shows a peak corresponding to the tris
ketone LA-TMP-LA.

LA-TMP-LA

Example 9
LA-BDO-LA, Camphor Dulfonic Acid Catalyst

A crude levulinic acid composition comprising 14.9 ¢

(0.128 mol) levulinic acid, 0.449 g (9.76x107> mol) formic
acid, 30 g (1.66 mol) DI water, and 0.3484 g (1.50x107" mol)
camphor sulfonic acid was esterified with 2.89 g (3.21x107°
mol) 1,4-butanediol. The procedure for Example 6 was fol-
lowed, and analysis of the reaction mixture by GC-FID

showed a peak corresponding to LA-BDO-LA.

Example 10
LA-BDO-LA, Amberlyst® 35 Catalyst

A crude levulinic acid composition comprising 14.9 ¢
(0.128 mol) levulinic acid, 0.449 g (9.76x107> mol) formic
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acid, and 30 g (1.66 mol) DI water was esterified with 2.89 g
(3.21x107% mol) 1,4-butanediol in the presence of a slurry of
0.0956 g Amberlyst® 35 (Dow Chemical Company). The
procedure for Example 6 was followed, and analysis of the
reaction mixture by GC-FID showed a peak corresponding to

LA-BDO-LA.

Example 11
Extraction of LA-BDO-L A Into Toluene

A scintillation vial was charged with an approximately
equal mass of LA-BDO-LA (prepared according to Example
6) and toluene. The solution was agitated by hand until the
mixture was homogeneous, at which point the vial was
loosely capped and allowed to sit at room temperature. After
12 hours, LA-BDO-LA crystals were observed in the vial.
GC-FID analysis of the crystals was found to be:

98.5%
1.5%

LA-BDO-LA
unknown impurity

Example 12
AA-BDO-AA

A crude acetoacetic acid composition comprising 14.6 g
(0.130 mol) acetoacetic acid and 30 g (1.66 mol) DI water 1s
esterified with 2.89 g (3.21x107* mol) 1,4-butanediol in the
presence of 2.24 mL concentrated sulfuric acid. The proce-
dure for Example 6 1s followed, and analysis of the reaction
mixture by GC-FID shows a peak corresponding to AA-
BDO-AA.

Example 13
PA-BDO-PA

A crude pyruvic acid composition comprising 12.6 g
(0.130 mol) pyruvic acid, and 30 g (1.66 mol) DI water 1s
esterified with 2.89 g (3.21x107% mol) 1,4-butanediol in the
presence of 2.24 mL concentrated sulfuric acid. The proce-
dure for Example 6 1s followed, and analysis of the reaction
mixture by GC-FID shows a peak corresponding to PA-BDO-
PA.

NG P

PA-BDO-PA
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Example 14

LA-BDO-LA, MIBK Extracted, Camphorsulionic
Acid

The crude LA mixture from Example 6 was extracted using,
methyl 1sobutyl ketone (MIBK), yielding a solution compris-
ing approximately 1% levulinic acid with various unidenti-
fied impurities 1n MIBK. The extracted solution exhibited a
pH near 6. A 3 neck round bottom flask equipped with stir-
ring, a Dean-Stark trap and condenser was charged with 11.2
g of the aforementioned solution and 0.0456 g (5.06x10™*
mol) 1,4-butanediol. The reaction was allowed to stir for 10
minutes under flowing N, before the addition of 5.6 microli-
ters of concentrated sulfuric acid. The reaction was stirred for
5 minutes under N, before being evacuated to 300 Torr and
heated to 105° C. for 60 minutes. After 60 minutes, the tem-
perature was increased to 115° C. for 25 minutes before
decreasing the pressure of the reactor to 150 Torr while hold-
ing at 115° C. for an additional 25 minutes. After cooling to
room temperature under vacuum, the reactor was backiilled
with N, and sampled for GC-FID analysis. This analysis
showed a peak consistent with LA-BDO-LA corresponding,
to 5% (peak area) of the total chromatograph.

Example 15
LA-BDO-LA, Hydrolysate

To a dry 3 neck round bottom flask equipped with a mag-
netic stir bar, a Dean-Stark trap and a reflux condenser was
added: 1) 10.0062 g of a composition comprising: approxi-
mately 8.3 g (19 wt %) levulinic acid, 0.4 g (1 wt %) formic
acid, 2.24 mL (9 wt %) concentrated sulfuric acid, 2) 30 g (70
wt %) water; and 3)0.1082 g (1.20x107> mol) 1,4-butanediol.
The reaction mixture was stirred under flowing N, for 30
minutes before the addition of 0.313 g (3.73x107° mol)
sodium bicarbonate. The reaction was again allowed to stir
for 20 min at room temperature under N, before evacuating to
300 Torr and heating. The reaction was heated to 105° C. for
60 minutes at 300 Torr, at which time the temperature was
increased to 115° C. for an additional 25 minutes. The reactor
pressure was next reduced to 150 Torr while maintaining the
temperature at 115° C. for an additional 25 minutes. After
cooling to room temperature under vacuum, the reactor was
backfilled with N, and sampled for GC-FID analysis. This
analysis showed a peak consistent with LA-BDO-LA corre-
sponding to approximately 1% (peak area) of the total chro-
matograph.

Example 17

LA From LA-BDO-LA by Saponification Using
Sodium Hydroxide

To a 100 mL round bottom flask equipped with a stir bar
was added 4.990 g LA-BDO-LA prepared according to
Example 16 and recrystallized twice to greater than 99%
purity by GC-FID. To this was added a solution of 0.88 g
NaOH 1n 4.46 g H,O. The reaction mixture was then stirred at
80° C. for 210 minutes, at which point the reaction was cooled
and the pH adjusted to approximately 4.5, according to the
procedure described 1 Example 19. GC-FID analysis
showed the complete disappearance of starting material and
the appearance of peaks attributed to LA and 1,4-BDO, indi-
cating near quantitative hydrolysis of the diester.
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Example 18

LA From LA-BDO-LA via Hydrolysis With Sulfuric
Acid

To a 100 mL round bottom flask with a stir bar 1s charged
with 4.990 g LA-BDO-LA prepared from pure LA and
recrystallized twice. To this 1s added a solution of 10 grams of
S5 wt % weight sulfuric acid. The reaction mixture 1s then
stirred at reflux until completion, as determined by GC-FID
analysis of the mixture.

Example 19

LA From Hydrolysis of LA-BDO-LA by Aqueous
Hydrochloric Acid

To a 100 mL round bottom flask containing the hydrolysis
mixture prepared in Example 17 1s added a 0.1 N HCI
solution dropwise until a pH of 4.5 1s obtained.

(aq)

Example 20

Hydrolysis of LA-BDO-LA With Aqueous Sodium
Hydroxide

To a 100 mL round bottom flask containing the hydrolysis
mixture prepared in Example 18 1s added a 10% NaOH
solution dropwise until a pH of 4.5 1s obtained.

(aq)

Example 21
Distillation of 1,4-Butanediol From Levulinic Acid

To a 250 mL round bottom flask with a magnetic stir bar 1s
added 100 mL of an aqueous hydrolysis mixture containing 2
equivalents levulinic acid and 1 equivalent 1,4-butandiol. The
round bottom flask 1s assembled on a distillation apparatus
contaiming a distillation column leading to a jacketed con-
denser, with a tared recerving flask for the distillate. The
distillation apparatus 1s first evacuated to 25 Torr and subse-
quently heated to no higher than 125° C. to ensure distillation
of only the 1,4-butanediol. The LA remaining 1n the 250 mL
round bottom flask can be 1solated and transferred into per-
manent storage or purified.

Example 22
LA, Distillation of

The LA from Example 21 1s distilled overhead by a falling
film evaporator to atford LA with a solution Y1 less than 3.

Example 23
LA, Recrystallization of

The LA from Example 22 1s recrystallized in the melt to
afford greater than 99% purity and a solution Y1 of less than
3.

From the aforementioned examples, it can be seen that pure
levulinic acid can be produced from crude levulinic acid that
contains a higher percentage of impurities. The pure levulinic
acid contains less than 2 wt % impurities, specifically less
than 1 wt % 1mpurities, and more specifically less than 0.05
wt % 1mpurities, based on the total weight of the levulinic
acid.
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As used herein, the singular forms “a,” “an,” and *““the” are
intended to include the plural forms as well, unless the con-
text clearly indicates otherwise. The term “or” means “and/
or.”” The endpoints of all ranges directed to the same compo-
nent or property are inclusive of the endpoint and
independently combinable, except when the modifier
“between’ 1s used. The modifier “about” used 1n connection
with a quantity 1s inclusive of the stated value and has the
meaning dictated by the context (e.g., includes the degree of
error associated with measurement of the particular quantity).
A “combination” 1s inclusive of blends, mixtures, alloys,
reaction products, and the like.

In general, the compositions or methods can alternatively
comprise, consist of, or consist essentially of, any appropriate
components or steps disclosed. The compositions can addi-
tionally, or alternatively, be formulated so as to be devoid, or
substantially free, of any components, materials, ingredients,
adjuvants, or species, or steps used 1n the prior art composi-
tions or that are otherwise notnecessary to the achievement of
the function and/or objectives of the present claims.

Unless otherwise defined, all terms (including technical
and scientific terms) used have the same meaning as com-
monly understood by one of ordinary skill 1n the art to which
this invention belongs. Compounds are described using stan-
dard nomenclature. Any position not substituted by any 1ndi-
cated group 1s understood to have 1its valency filled by a bond
as indicated, or a hydrogen atom. A dash (**-) that 1s not
between two letters or symbols 1s used to 1indicate a point of
attachment for a substituent. For example, —CHO 1s attached
through carbon of the carbonyl group. “Alkyl” means a
straight or branched chain saturated aliphatic hydrocarbon
having the specified number of carbon atoms. “Alkylene”
means a straight or branched divalent aliphatic hydrocarbon
group having the specified number of carbon atoms. “Aryl”
means a cyclic moiety in which all ring members are carbon
and a ring 1s aromatic. More than one ring can be present, and
any additional rings can be independently aromatic, saturated
or partially unsaturated, and can be fused, pendant, spirocy-
clic or a combination thereof.

A “hydrocarbon group” as used herein means a group
having the specified number of carbon atoms and the appro-
priate valence i view of the number of substitutions shown in
the structure. Hydrocarbon groups contain at least carbon and
hydrogen, and can optionally contain 1 or more (e.g., 1-8)
heteroatoms selected from N, O, S, Si1, P, or a combination
comprising at least one of the foregoing. Hydrocarbon groups
can be unsubstituted or substituted with one or more substitu-
ent groups up to the valence allowed by the hydrocarbyl group
independently selected from a C,_,, alkyl, C,_,, alkenyl,
C,_50 alkynyl, Cq_5, aryl, C; 5, arylalkyl, C,_, ; alkoxy, C,_5,
heteroalkyl, C,_;, heteroarylalkyl, C,_;, cycloalkyl, C,_,
cycloalkenyl, C,_;, cycloalkynyl, C,_;, heterocycloalkyl,
halogen (F, Cl, Br, or 1), hydroxy, nitro, cyano, amino, azido,
amidino, hydrazino, hydrazono, carbonyl, carbamyl, thiol,
carboxy (C,_salkyl) ester, carboxylic acid, carboxylic acid
salt, sulfonic acid or a salt thereof, and phosphoric acid or a
salt thereof.

While stereochemistry of the various compounds 1s not
explicitly shown, 1t 1s to be understood that this disclosure
encompasses all 1somers.

All cited patents, patent applications, and other references
are incorporated by reference 1n their entirety.

While the imnvention has been described with reference to
exemplary embodiments, 1t will be understood by those
skilled in the art that various changes can be made and equiva-
lents can be substituted for elements thereot without depart-
ing from the scope of the invention. In addition, many modi-
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fications can be made to adapt a particular situation or
maternal to the teachings of the invention without departing
from the essential scope thereol. Therefore, 1t 1s intended that
the mvention not be limited to the particular embodiment
disclosed as the best mode contemplated for carrying out this
invention, but that the invention will include all embodiments
talling within the scope of the appended claims.

What 1s claimed 1s:
1. A ketocarboxylic ester composition comprising;
a polyketocarboxylic acid 111

(HO)E_G_-OWR

wherein
R*is C,-C, alkyl,
G 15 a hydrocarbyl group having a valence of t,
t=2 or 3,
a=0-3,
y=2-3 and z=0-1, provided that z+y=t; and

[11

a residue of a biomass.

2. The composition of claim 1, wherein the residue com-
prises furtural, formic acid, furtfuryl alcohol, hydroxymethyl
turfural, angelica lactone, a humin, a polysaccharide, a sac-
charide, or a combination comprising at least one of the
foregoing residues.

3. A punified ketocarboxylic ester composition comprising;:
at least 99 wt% of a ketocarboxylic acid III

(HO)E—G—-O\”/H\[r R?

wherein
R*is C,-C, alkyl,
G 1s a hydrocarbyl group having a valence of t,
t=2 or 3,
a=0-3,
y=2-3 and z=0-1, provided that z+y=t; and

up to 1 wt % of an impurity, based on the total weight of the
purified ketocarboxylic acid composition.

[11

4. The composition of claim 3, wherein the impurity 1s a
residue of a biomass.

5. The composition of claim 4, wherein the residue com-
prises furtural, formic acid, furfuryl alcohol, hydroxymethyl
turfural, angelica lactone, a humin, a polysaccharide, a sac-
charide, or a combination comprising at least one of the
foregoing residues.
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6. A composition comprising
at least 99 wt % of a polyketocarboxy ester Illa:

[11a

H,C CH;

O—G—O0

O O

wherein G 1s ethylene, n-propylene, n-butylene, or n-hexy-

lene; and

up to 1 wt % of an impurity.

7. The composition of claim 6, wherein the polyketocar-
boxy ester Illa 1s crystalline.

8. The composition of claim 6, wherein the impurity 1s a
residue of a biomass.

9. The composition of claim 8, wherein the residue com-
prises furtural, formic acid, furfuryl alcohol, hydroxymethyl
turfural, angelica lactone, a humin, a polysaccharide, a sac-
charide, or a combination comprising at least one of the
foregoing residues.

10. A mono-ester compound having the formula

H,;C

O—G—O0OH

O

wherein G 1s ethylene, n-propylene, n-butylene, or n-hexy-
lene.

11. A composition comprising the compound of claim 10,
wherein the mono-ester 1s present 1n an amount of up to 20 wt
% and further comprising levulinic acid 1n an amount of up to
30 wt %, based on the total weight of the composition.

12. A purified ketocarboxylic acid composition compris-
ng:

more than 99 wt % of a ketocarboxylic acid I

wherein
R*is C,-C, alkyl, and
a=—0-3; and
less than 1 wt % of an impurity, based on the total weight of
the purified ketocarboxylic acid composition.
13. The composition of claim 12, wherein
R is C,-C, alkyl and
a=1-2.
14. The composition of any one of claim 13, wherein the
ketocarboxylic acid is levulinic acid, wherein R” is methy],
and a=2.
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